Lassa virus (LASV) is the most prevalent rodent-borne arenavirus circulated in West Africa. With population at risk from Senegal to Nigeria, LASV causes Lassa fever and is responsible for thousands of deaths annually. High genetic diversity of LASV is one of the challenges for vaccine R&D. We developed multivalent virus-like particle vectors (VLPVs) derived from the human Venezuelan equine encephalitis TC-83 IND vaccine (VEEV) as the next generation of alphavirusbased bicistronic RNA replicon particles. The genes encoding VEEV structural proteins were replaced with LASV glycoproteins (GPC) from distantly related clades I and IV with individual 26S promoters. Bicistronic RNA replicons encoding wild-type LASV GPC (GPCwt) and Cterminally deleted, non-cleavable modified glycoprotein (ΔGPfib), were encapsidated into VLPV particles using VEEV capsid and glycoproteins provided in trans. In transduced cells, VLPVs induced simultaneous expression of LASV GPCwt and ΔGPfib from 26S alphavirus promoters. LASV ΔGPfib was predominantly expressed as trimers, accumulated in the endoplasmic reticulum, induced ER stress and apoptosis promoting antigen cross-priming. VLPV vaccines were immunogenic and protective in mice and upregulated CD11c + /CD8 + dendritic cells playing the major role in cross-presentation. Notably, VLPV vaccination resulted in induction of crossreactive multifunctional T cell responses after stimulation of immune splenocytes with peptide cocktails derived from LASV from clades I-IV. Multivalent RNA replicon-based LASV vaccines can be applicable for first responders, international travelers visiting endemic areas, military and lab personnel.
Introduction
Lassa virus (LASV) is the most prevalent African arenavirus [1] with the highest impact in public health. The virus causes Lassa fever (LF) which is endemic to a large geographical area of sub-Saharan Africa [2] [3] [4] . It is quite likely that population at risk includes countries from Senegal to Nigeria and can be as high as 200 million people [5] . With the exception of Dengue fever, the estimated global burden of LF is the highest among viral hemorrhagic fevers [6] . In 2016, WHO identified LASV as a top priority emerging pathogen and recommended accelerated vaccine R&D [7] .
LASV has a bisegmented negative strand RNA genome [8, 9] . The L segment encodes the L protein (viral polymerase) and the Z (matrix) protein. The S segment encodes the glycoprotein precursor (GPC) and nucleoprotein (NP). Upon cleavage by cellular signal peptidase in the lumen of the endoplasmic reticulum (ER), the GPC is extensively Nglycosylated and further processed into the peripheral GP1 (attached factor) and transmembrane GP2 responsible for fusion [10] . Both glycoproteins are required and sufficient for induction of protective immunity in non-human primates, NHPs [11, 12] .
The genetic variation of LASV is the highest among mammalian arenaviruses [13, 14] . Diversity of LASV likely contributes to under-estimating its prevalence [15] . Overall, strain variation was found to be as high as 27% and 15% at the nucleotide and amino acid levels, respectively. Phylogenetically, LASV strains comprise of at least four lineages (clades) [13] . Clades I-III have been found in Nigeria. LASV strains circulated in Guinea, Liberia, and Sierra Leone are included in the largest lineage IV. Genetic LASV diversity poses a great challenge for vaccine development.
Epidemiological observations in West Africa suggest that in immunocompetent individuals, a single attenuated natural LASV infection results in lengthy protection against fatal LF. Reinfection with heterologous LASV strains provides boosting protective immunity [11, 16] . In line with these observations, a single injection of a MOP/LAS reassortant (clone ML29), effectively protected animals against LF caused by homologous or distantly-related LASV [17] . The ML29 is a promising live-attenuated vaccine candidate against LF [18] .
Alphavirus replicon technology provides a reasonable compromise, in terms of safety and immunogenicity, between "killed" and "live" vaccines. Alphavirus replicon particles are single-cycle, replication-defective, virus-like-particles vehicles (vectors) (VLPVs). They are not able to spread beyond the initially infected cells, but can deliver and transduce the gene(s) of interest in target cells (e.g., dendritic cells, DCs). Numerous alphavirus repliconbased vaccine candidates are in pre-clinical and clinical development [19] .
We have prepared VLPVs from the human Venezuelan equine encephalitis vaccine (VEEV) TC-83 (U.S. FDA IND No. 142) [20] as bicistronic RNA replicons [21] . The multivalent feature of this system is beneficial for optimization of LASV vaccine formulation. In this study, we designed two bicistronic RNA replicons. Each replicon expressed two LASV GPCs (from clades I and IV) under control of two 26S promoters simultaneously and efficiently. In addition, RNA replicons expressing truncated and metabolically stable (uncleaved) LASV GPs promoting cross-priming CD8+ T cell responses were also designed and encapsidated in VLPVs. Humoral and cross-reactive T cell responses as well as protective efficacy of these bivalent VLPVs were tested in mice.
Materials and methods

Design of bivalent VLPVs
LASV GPC genes from clades I and IV, LASV/NIG/LP (AF181853), and LASV/Josiah (AY628203), respectively, were assembled from synthetic oligonucleotides and/or from PCR products. The strategy for creation of monovalent VLPVs expressing truncated, metabolically stable LASV GP fused with fibritin (ΔGPfib) [21] was previously described. Bicistronic vectors were generated as depicted in Fig. S1 . For production of VLPVs, optimized RNA formulations containing 1 μg of RNA (LASV GP vector, E1&E2-helper, and C-helper) were transfected into CHO-K1 cells and purified from culture medium as described [22, 23] . High yielding monovalent and bivalent VLPVs (Fig. S1) were selected for further studies.
Identity and potency assays
Identity and potency of VLPVs were assessed by immunofluorescence (IFA) and in western blot (WB) [21] [22] [23] . For IFA staining, LASV GP-specific monoclonal antibodies [22] and LASV GP1-and GP2-specific [24] rabbit polyclonal antibodies were used. Rabbit antiphage T4 fibritin, affinity-purified IgG was produced by Covance (Denver, PA). For WB analysis, VLPV-infected cells were lysed in buffer (40 mM Tris-HCl pH 7.2, 300 Mm NaCl, 10 mM EDTA, 2% NP40 and 20% glycerol) supplemented with protease inhibitors. The lysates (100 μg/well) were run in 5-14% SDS-PAGE gel, proteins were electroblotted to PVDF membranes, incubated with either anti-fibritin or anti-LASV GP2 antibodies and treated with second antibodies (HRP-conjugated rabbit IgG or HRP-conjugated mouse IgG). Titration of VLPVs was performed in IFA. VLPV stocks with titers 1 × 10 7 -1 × 10 8 fluorescent focus units (FFU/ml) were used in this study.
Co-staining and apoptosis protocols
Vero E6 cells were infected with LASV VLPVs at multiplicity of infection (MOI) of 1. On day 2 (D2), cells were fixed with 4% paraformaldehyde, permeabilized, stained with antibodies against LASV GPC and/or against fibritin, calnexin (clone 1D4), syntaxin-6 (LifeSpan BioSciences) and analyzed with a Zeiss AX10 microscope. LASV GP expression was also measured by flow cytometry (FACScalibur, BD Bioscience, San Diego, CA) using LASV GP2 or fibritin antibody and Texas Red-conjugated anti-rabbit IgG. Apoptosis was measured by TUNEL assay using the ApopTag Red Apoptosis Detection Kit.
Immunization and challenge studies in mice
LASV VLPV vaccine immunogenicity was evaluated in a CBA/J-ML29 model [25] . In brief, CBA/J mice (Harlan ® Labs) were subcutaneously (SC) immunized with 1 × 10 7 FFU of VLPV1 or VLPV2 (Fig. S1 ) or with blended formulation, VLPV3 (VLPV1&LPV2). Control groups include mock-and ML29-vaccinated mice (single shot, 1 × 10 3 PFU, SC). All groups were challenged on D21 and monitored during 21 days post-challenge. Mice were euthanized at 7-day interval during 42 days. Blood and spleen samples were collected for evaluation of LASV-specific immunity.
LASV-specific adaptive immune responses
LASV antibodies were measured in IgG ELISA and in plaque reduction neutralization test, PRNT [25] , to detect neutralizing antibodies (nAbs). LASV ΔGP2 ectodomain expressed in insect cells was used as antigen in IgG ELISA (Fig. S3) . Validation of this antigen with plasma samples collected from LASV-infected individuals [26] or from infected NHPs [18] documented LASV antigenic identity. PRNT was performed using a constant dose of virus and serial dilutions of plasma and calculated as the highest serum dilution resulting in 50% plaque reduction. For T cell activation markers, splenocytes from vaccinated mice were stained with antibodies for CD3e-PerCP-cy5.5, CD8a-APC, MHC I-PE, CD80-FITC, and CD86-PE markers (eBioscience). For detection of the mouse CD8+ DC subsets with crosspresentation capabilities, splenocytes were stained for CD3e-PerCP-cy5.5, CD8a-APC, CD11b-APC, and CD11c-Alexa Fluor 488. IFN-γ/IL-2 ELISPOT was performed according to manufacturer's protocol (Cellular Technology Ltd., Cleveland, OH). Splenocytes were stimulated with LASV GPC peptide cocktails (Mimotopes Ltd, Melbourne, Australia). Each cocktail contained 69 overlapping 20-mer peptides derived from LASV phylogenetic lineages I-IV [13] (Table S1 ). After stimulation, splenocytes secreted IFN-γ and/or IL-2 antibodies were developed (with Red and Blue Developer Solutions) and counted using C.T.L. Ltd. Immunospot ® S6 Universal analyzer and Immunospot ® software 5.3.
Statistical analysis
Results are reported as means ± SEM (n = 4-5). ANOVA with Bonferroni's post hoc test (for parametric data) or Mann-Whitney Rank Sum test (for nonparametric data) was used for the determination of statistical significance among treatment groups, as appropriate. Statistical analysis (mean, SD, T-test) and graphics were performed using the OriginLab 2016 package (OriginLab Corporation, Northampton, MA).
Results
Bivalent VLPVs simultaneously express wild type and metabolically stable LASV glycoproteins
The TC-83 genetic backbone was used to design bicistronic VLPVs expressing LASV GPCwt (from clades I or IV) and ΔLJGPfib (I or IV, Fig. S1 ). The LASV ΔGPfib-transduced cells were positively stained with LASV GP1-and GP2-specific antibodies indicating that genetic modification of LASV GPC did not affect antigenic identity of ΔLGPfib. Co-staining experiments (Fig. 1A) revealed that LASV GPCwt was predominantly co-localized with a Golgi marker; while LASV ΔLJGPfib was expressed as a cell-associated protein and costained with ER. Approximately 10% of the ΔLGPfib was recovered from culture medium (not shown).
Based on the stability and yields, two bivalent VLPVs were selected for further studies (Fig.  S1 ): VLPV1 expressing ΔGPfib from LASV LP/NIG (clade I) and GPCwt from JOS/SL (IV); and VLPV2 expressing GPCwt from LP/NIG and ΔGPfib from JOS/SL. In VLPV-transduced cells, ΔGPfib was stained either with virus-specific or with fibritin-specific antibodies and localized in perinuclear ER compartment as assessed by co-staining with CANX (Fig. 1B) . Meanwhile, in the same cells, the LASV GPCwt cleavage products (GP1 and GP2) were mostly co-stained on the surface of cells with Golgi marker, STX6.
Cells infected/transduced with bivalent VLPVs expressed almost equal amounts of LASV GPCwt and ΔGPfib ( Fig. 2A) . In these cells, LASV GP was detected as a ~250 kDa-trimer (Fig. 2B, right panel) or as GP2 glycoprotein (32 kD), a product of GPCwt cleavage (Fig.  2B) . Un-cleaved, monomeric LNΔGPfib or LJΔGPfib was also detected at low amount. LASV GP1 is poorly detected in WB due to antigenicity damage during SDS-PAGE and blotting.
Bivalent VLPVs trigger ER stress and apoptosis
Accumulation of metabolically stable LASV ΔGPfib glycoproteins in ER compartment can overload folding capacities of ER resulting in activation of the unfolded protein response (UPR) and apoptosis [27, 28] . Indeed, as seen in Fig. 2C and D bivalent LASV VLPVs induced PERK (PRK-like ER kinase), one of the three master UPR regulators. Notably, phosphorylated form of PERK was strongly upregulated in VLPV-infected cells in comparison with mock-and ML29-infected cells expressing LAS/Jos GPCwt (Fig. 2D) .
The UPR failure to properly fold proteins in the stressed ER can induce apoptosis. CHOP (C/EBP homologous protein), a member of the C/EBP transcription factor family [29] , is one of the genes induced during ER-stressed apoptosis. The expression of CHOP was upregulated in cells exposed to VLPVs expressing ΔGPfib (Fig. 2C and D) . TUNNEL method confirmed this observation (Fig. S2) . On day 3, 12.5% VLPV-exposed cells were positively stained on apoptotic markers, while only 2% mock-infected cells were positively stained by Annexin-V during 3 days of incubation. In addition, ~8-10% of cells bivalent VLPV-exposed cells were positively co-stained with lysosomal markers (not shown), suggesting that LASV antigens were also subjected to proteolytic degradation.
LASV VLPV vaccines protects mice against fatal challenge
In CBA/J mice, a model developed to evaluate LASV vaccine candidates at early stage of pre-clinical development [25, 30] , all mock-immunized mice experienced weight loss after challenge and met euthanasia criteria on D9 (Fig. 3) . In contrast, all animals receiving experimental VLPV and control (ML29) vaccines were fully protected against lethal challenge. There were no statistically significant differences in body weight between vaccinated/challenged groups.
LASV-specific humoral responses
By the day of the challenge, barely detectable antibody responses were detected in vaccinated mice with relatively higher responses in VLPV2 group (Fig. S3) . After challenge, humoral IgG responses markedly increased in all VLPV-vaccinated mice with the highest titers in VLPV1 group. Vaccination with blended VLPV3 did not result in higher titers. ML29 control group demonstrated lower titers. In line with previous observations [18, 25] , nAbs were not detectable in vaccinated mice.
VLPV vaccines induce cross-reactive T cell-mediated responses
LASV specific T cell responses were assessed in IL-2/IFN-γ ELI-SPOT using antigen stimulation with peptide cocktails derived from LASV GPC from clade I-IV [13, 14] . On D7 after VLPV vaccination, LASV-specific T cells (counted as spot-forming cells, SFC) were barely detected. Immunization and challenge up-regulated SFC and on D42, ≥1,000/10 6 IL-2 SFC were detected in splenocytes (Fig. 4A) . IFN-γ SFC demonstrated similar kinetics but numbers were 3-4-fold lower. The strongest T cell responses were observed in VLPV1-immunized group after stimulation cells with GPC cocktail I and IV (Fig. 4A and B) . We did not observe statistically significant differences in T cell responses after stimulation with GPC cocktails derived from LASV lineage II and III (not shown).
Boost immunization strongly increased numbers of double-stained, IL-2/IFN-γ-secreted T cells (dsSFC), while the effect of challenge on dsSFC was less prominent. In the control vaccine group, strong LASV-specific T cell responses were detected after a single injection of ML29 in line with previous observations [18, 25] . ML29-vaccinated mice generated higher number of dsSFC. However, the number of these double-stained T cells declined at the end of week 2. Still, on D42, number of poly-functional T cells in control mice was comparable with VLPV1 group.
Vaccination with LASV VLPV induces co-stimulatory markers and upregulates CD8α+ dendritic cells (DCs) promoting antigen cross presentation
In addition to cytokine secretion, expression of co-stimulatory molecules provides additional and indispensable signals for development of effective adaptive CD8+ T cell responses. As seen in Fig. 5 , vaccination with VLPVs induced expression of CD80, CD86 and MHC-I molecules. Boost immunization strongly upregulated expression of the co-stimulatory molecules. One of the aims of this study was to design VLPV-based LASV vaccines with enhanced immunogenicity and cross-reactivity. To this end, metabolically stable trimers, LJΔGPfib or LNΔGPfib, were expressed using advanced alphavirus replicons. As expected, LASV ΔGPfib induced ER stress and apoptosis. Based on this and previous observations, we assumed that the releasing metabolically stable LASV ΔGPfib antigens from apoptotic cells would be picked up by antigen-presenting cells and then presented to CD8+ T cells.
Flow cytometry analysis (Fig. 6) documented that VLPV immunization upregulated population of CD11c + /CD8 + DCs specialized in capturing dying cells and cross-presenting of antigens on MHC class. Population of cross-presenting DCs was elevated in all VLPV vaccination groups as early as D7 and increasing during an observation period. Stimulation of CD8+ DCs constitutively equipped with mechanisms for antigen cross-presentation seems to be important strategy to enhance efficacy of vaccines based on T cell-mediated protection.
Discussion
Molecular dating suggests that LASV originated in Nigeria approximately a thousand years ago [14] . During last several centuries the virus moved into neighboring countries, Sierra Leone, Liberia, and Guinea. Phylogenetically, LASV isolates from these countries were placed into clade IV. The prototypic JOS/SL/76/H is the most extensively studied LASV isolate. The information on Nigerian strains belong to clades I-III is limited. Two most advanced LF vaccine candidates, MOP/LAS reassortant (clone ML29) [18] and rVSVΔG/ LASV-GPC [31] , were designed using LASV/JOS/SL. In spite of high efficacy, these replication-competent vaccines have potential safety concerns.
Alphavirus self-replicating RNA molecules encoding antigens of interest demonstrated promising safety and immunogenicity features. Several alphavirus replicon vaccines are currently in clinical development [19] . We used advanced bicistronic VEEV TC83-based replicons to design multivalent LASV vaccines simultaneously expressing GPCs from both distantly related clades I and IV of LASV. The ability of alphavirus replicon VLPVs to express several genes from the same pathogen (e.g., LASV) or from two different pathogens (e.g., LASV and EBOV) was already documented [22] .
Alphavirus VLPVs target professional antigen-presenting cells and promote CD8+ T cells responses [32] , a feature which is especially attractive for LASV vaccines [33] . We designed bivalent VLPVs expressing metabolically stable LASV GPs, ΔLGPfib (from clade I or IV) to enhance T cell responses through a cross-priming pathway. For cross-priming CD8+ T cell responses, vaccines have to express metabolically stable antigens [34, 35] . It has been documented, that stable antigens improved vaccine immunogenicity compared with antigens subjected to accelerated proteosomal degradation [36] .
In VLPV-infected cells, ΔLGPfib was expressed as a trimer with molecular mass of approximately 220-250 kDa (Fig. 3B) . Staining with a panel of LASV CPC-specific antibodies confirmed antigenic identity of LASV ΔLGPfib. The similar strategy (Fig. S1 ) was used to design non-cleavable variant of LCMV GP [37] . The GP trimers, from LCMV [37] and LASV (Fig. 2) , accumulated in ER compartment. We documented that LASV ΔLGPfib affected ER homeostasis and induced ER-stressed apoptosis (Fig. 2C, S2 ). Metabolically stable LCMV GP induced a cross-primed CD8+ CTL 10,000-fold better than those induced with wild-type GP [37] . In line with these results, we previously demonstrated [21] that monovalent VLPV expressing ΔLGPfib induced stronger T cell responses than those induced by VLPV expressing LASV GPCwt which is not cross-presented naturally. Immunization with bivalent VLPVs expressing both antigens, ΔLGPfib and LGPwt, resulted in induction of CD11c + /CD8 + dendritic cells (Fig. 6 ) playing the major role in crosspresentation of antigens on MHC class I and induction of CD8+ T cell responses.
Immunogenicity of LASV VLPV vaccines was assessed in a CBA/J-ML29 mouse model [25] . In this model and in NHPs [38] , protection is associated with T cell responses rather than with antibody production. In contrast to monovalent LASV VLPVs [25] , bivalent VLPVs expressing GPCwt and ΔLGPfib resulted in higher immunogenicity as assessed by IgG ELISA (Fig. S3) . LASV VLPV vaccines did not induce detectable levels of nAbs. During natural LASV infection, protection and recovery are not associated with nAbs which appeared too late during the infection (rev. by [38] ). However, recent success in generation of recombinant nAbs from B cells of LASV-exposed individuals provides opportunity to use these mAbs for post-exposure treatment [39] . The possibility that non-nAbs may also play a role in protection cannot be excluded.
While antigen formulation in VLPV1-3 vaccines had no effect on protection, bivalent VLVPs induced stronger LASV-specific IgG responses in comparison with a ML29 control. Notably, bivalent VLPV1 vaccine formulation (LNΔGPfib/LJGPwt) induced stronger T cell responses than VLPV2 vaccine (LNGPwt/LJΔGPfib) or combination of both vectors, VLPV1&VLPV2, (Fig. S1, 7) . With similar levels of expression of both antigens, LGPwt and ΔLGPfib, higher immunogenicity (in terms of induction of T cells) of VLPV1 formulation remains to be additionally investigated. Stimulation of splenocytes of VLPV1-immunized mice with peptide cocktails derived from opposite LASV clades, I and IV, resulted in similar responses (including stimulation with peptides from clades II and III, not shown). Interestingly, control ML29 vaccine induced similar poly-functional T cell responses after stimulation with both cocktails from clade I and IV. While kinetics and scale of ML29-induced T cell responses were different in comparison VLPV1-immunized mice (Fig. 4D) , both experimental vaccines induced comparable cross-reactive responses. It should be mentioned, that these vaccine candidates, VLPVs and ML29, share GP2 epitopes responsible for cross-reactivity [40] . In case of ML29, NP protein seems to additionally contribute to cross-protective T cell responses [41] .
In conclusion, advanced TC83-based alphavirus bivalent VLPV vaccines expressing a combination of LASV GPCwt and ΔLGPfib from strains belonging to clades I and IV induce cross-reactive T cells responses comparable (or better) with those induced by live attenuated ML29 experimental vaccine. Certainly, a mouse challenge model used in this study has limitations. LASV is a rodentborne virus and LASV infection is treated differently by immune system of rodents (mice, guinea pigs) and NHPs. Currently, there is no challenge model for LASV from clade I. LASV/LP does not induce fatal LF-like disease in strain 13 guinea pigs, the most sensitive model for LASV/Jos, and there is no information on LASV/LP in NHPs. At these circumstances, a mouse model is the only currently available model to assess LASV/LP-specific T cell responses and cross-protective efficacy of experimental vaccines. Ongoing vaccination-challenge experiments with bivalent LASV VLPV vaccines in NHPs will provide additional valuable information on cross-protective efficacy. With more favorable safety profile, replication-incompetent experimental VLPV vaccines described in this study are well positioned for "organized" groups at risk (first responders, personnel of local hospitals in endemic areas, international travelers visiting endemic areas, military personnel, and staff of BSL4 labs working with LASV) where prime-boost vaccination is feasible.
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